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Amino acid enhancement of renal regeneration after acute
tubular necrosis
F. GARY TOBACK
Department of Medicine, The University of Chicago, Pritzker School of Medicine, Chicago, Illinois
Amino acid enhancement of renal regeneration after acute tubular
necrosis. The capacity of iv. infusions of amino acids to alter the
course of mercuric chloride-induced acute renal tubular necrosis
was examined in rats. New membrane formation in regenerating
cells was studied by measuring the rate of incorporation of choline
labeled with radioactive carbon ('4C) into phospholipid in renal
cortical slices obtained after amino acid or glucose infusion. After
amino acid infusion, the rate of incorporation was up to 94%
higher than after glucose infusion during the four days of the acute
renal failure syndrome. The increment was smallest at 18 hr after
mercuric chloride administration, when necrosis was marked, and
greatest at four days, when cellular regeneration was well under-
way. The increased rates observed after amino acid infusion were
superimposed upon a 71% increase in the rate which occurred
during regeneration in noninfused animals, The increased rate
represented synthesis of choline-containing phospholipids, since
degradation was unchanged. The serum creatinine concentration,
which was 0.23 + 0.02 mg/dl in control animals, increased signif-
icantly to 2.90 0.38 mg/dl in noninfused rats two days after
mercuric chloride administration, but only reached 0.49 0.06
mg/dl (P < 0.02) after amino acid infusion. The results indicate
that amino acid infusions act directly on the kidney to increase
the synthesis of choline-containing phospholipids for new mem-
branes in regenerating cells, and also to decrease the level of renal
functional insufficiency after acute tubular necrosis.
Activation par les acides aminés de Ia régéneration après nécrose
tubulaire aigüe. La capacité de perfusions intraveineuses d'acides
aminés de modifier l'évolution de Ia nécrose tubulaire aigUe induite
par Ic chlorure mercurique, a étó étudiée chez des rats. La forma-
tion de nouvelles membranes dans les cellules en régénération a óté
évaluée par Ia mesure du debit d'incorporation de Ia 14C-choline
dans les phospholipides, dans des tranches de cortex de rein, ob-
tenues aprCs perfusion d'acides aminés ou de glucose. Après per-
fusion d'acides aminés, Ic debit d'incorporation est jusqu'à 94%
supérieur a celui observe après perfusion de glucose, pendant les 4
jours du syndrome d'insuffisance rCnale aigue. L'augmentation est
moindre 18 heures après l'administration de mercure, alors que Ia
nécrose est importante, et plus grande a 4jours quand Ia régénéra-
tion cellulaire est déjà franche. L'augmentation des debits observée
aprCs Ia perfusion d'acides aminCs est superposée a une augmenta-
tion de 71% qui survient au cours de Ia rCgénération chez les
animaux non perfusés. L'augmentation du debit d'incorporation
represente Ia synthèse des phospholipides contenant de Ia choline
puisque Ia degradation est inchangee. La concentration sérique de
créatinine, qui est de 0,23 + 0,02 mg/dl chez les contrôles, aug-
mente significativement a 2,90 0,38mg/dI chez les rats non
perfusés deuxjours aprCs Ic mercure, mais n'atteint que 0,49 0,06
mg/dl (P < 0,02) aprCs perfusions d'acides aminés. Les résultats
indiquent que les perfusions d'acides aminCs agissent directement
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sur fe rein pour augmenter Ia synthCse de phospholipides, con-
tenant de Ia choline, par les nouvelles membranes des cellules en
régénération et diminuent Ic niveau d'insuffisance rCnale après
nécrose tubulaire aigüe.
Improved survival from acute renal failure has
been reported in patients treated with infusions of
amino acids [1]. The mechanism by which amino
acids could improve survival is unknown, although
decreases in the frequency of nonrenal complications
and in the duration of renal dysfunction were sug-
gested. Studies in human subjects do not permit di-
rect assessment of repair or replacement of damaged
renal tissue and leaves the problem unresolved as to
whether amino acid infusions act directly on the kid-
ney. This problem has been addressed by comparing
the effect of amino acid and glucose infusions in an
animal model of acute renal failure. An i.v. injec-
tion of 1.0 to 1.1 mg of mercury per kg of body
weight to rats was used to induce a reversible syn-
drome of acute nonoliguric renal failure [2—4]. After
one day, there were marked increases in serum urea
nitrogen concentration (SUN), urinary excretion of
sodium and protein, and necrosis of proximal tubular
cells. By day two, increases in phospholipid [4], DNA
and RNA synthesis, and mitotic index [5, 6] indicated
that cellular regeneration was underway. By day
three, the SUN reached a maximum, and squamoid
epithelial cells appeared on the tubular basement
membrane. At day five, the SUN returned to normal,
the maximal rate of phospholipid synthesis was
reached, and the tubules were repopulated with more
mature cells.
The effects of amino acid or glucose infusion on
renal membrane phospholipid formation and on re-
nal function were compared in rats during the course
of the mercuric chloride-induced acute tubular necro-
sis syndrome. The results indicate that amino acid
treatment increases the synthesis of renal membrane
choline-containing phospholipids, and decreases the
level of renal functional insufficiency.
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Methods
Male, Sprague-Dawley rats (Sprague-Dawley
Farms, Madison, WI), weighing 200 to 275 g, were
fed laboratory chow (Purina, Ralston Purina Co., St.
Louis, MO) and tap water ad lib. A mercuric chloride
solution (1.0mg of mercury per ml of normal saline)
was injected into the tail veins of unanesthetized rats
immobilized in restraining cages. A dose of 1.0 mg of
mercury per kg of body wt was given to induce acute
tubular necrosis, as described previously [3, 4],
whereas 1.0 ml of saline per kg was administered to
control animals. After injection, rats received water
but not food.
At various intervals after mercury administration,
animals were anesthetized with ether. PE-50 tubing
was introduced in the right jugular vein, and then
carried subcutaneously to the interscapular region
and exteriorized through a skin incision. Animals
were restrained by cephalad and caudad skin sutures
secured to the top of the cage, After a two-hour equili-
bration period, during which 3 ml of normal saline
was infused, amino acid or glucose solution was ad-
ministered by constant infusion (pump model 975,
Harvard Apparatus Co., Millis, MA). The essential 1-
amino acids (isoleucine, leucine, valine, lysine, methi-
onine, phenylalanine, threonine, tryptophan, histi-
dine) and nonessential i-amino acids (alanine, argi-
nine, proline, serine, glycine, cysteine) were prepared
by diluting FreAmine II (McGaw Laboratories,
Santa Ana, CA) with a 50% glucose solution, so that
3.9 g of amino acids and 2.5 g of glucose (25.6 total
calories) in 50 ml of water were delivered in 18 hr.
Glucose infusions contained 6.25 g (25.0 calories) in
50 ml of water. Approximately 70% of 248 prepara-
tions were successful. In fusions were terminated after
18 hr by cutting the tubing. The rat was immediately
weighed and then decapitated. Arterial blood was
collected for determination of serum creatinine [7]
and glucose levels (Dextrostix, Ames Co., Elkhart,
IN). Kidneys were rapidly removed and bisected
longitudinally, and specimens for light microscopy
were fixed in Zenker's solution and stained with
hematoxylin and eosin. For comparison, a group of
mercury-injected, noninfused rats that were offered
chow and water were studied to illustrate the course
of the syndrome without treatment.
Renal phospholipid metabolism. Kidneys removed
from infused or noninfused rats were immediately
placed in iced Krebs-Ringer bicarbonate medium.
After decapsulation, three sagittal slices of the
necrotic inner cortical zone were cut and trimmed as
previously described [4]. Within two minutes of slic-
ing, one slice of cortex (22 to 40 mg) was placed in 2
ml of Krebs-Ringer bicarbonate medium containing
20 M [methyl—'4C]-choline chloride (specific activ-
ity, 30 mCi/mmole, 83 dpm/pmole) (New England
Nuclear Corp., Boston, MA), and the radioactivity
of the trichloroacetic acid-insoluble and -soluble frac-
tions were determined [4, 8]. More than 99.8% of the
radioactivity in the acid-insoluble fractions was in
lipid since it was extracted with chloroform/ metha-
nol (2/1, vol/vol) [9]. Thin-layer chromatography of
the lipid extracts [10, 11] from amino acid and glu-
cose-infused animals and noninfused animals in-
dicated that 99% of the radioactivity was in phospha-
tidylcholine, and the remainder in sphingomyelin and
lysophosphatidylcholine. Since renal edema follows
mercury administration, the dry weight of inner cor-
tical slices from infused and noninfused animals was
measured by drying slices to constant weight at 95°C.
Choline incorporation into choline phosphoglyce-
rides was expressed as dpm of ['4C]-choline in-
corporated into the acid-insoluble fractions/mg of
dry tissue weight per 30 mm.
To compare the effect of amino acid and glucose
infusions on the turnover of renal phospholipid dur-
ing a 30-mm incubation, four rats weighing 265 to
275 g were each injected with mercuric chloride i.v.
and one day later with 30 Ci [14C]-choline i.p. to
prelabel choline phosphoglycerides. Amino acid or
glucose infusions were begun 30 hr after mercury
administration and continued for 18 hr. Rats were
then decapitated, their kidneys removed, and inner
cortical slices cut and bisected. Radioactivity in the
acid-insoluble fraction was measured and compared
in one slice, half of which was incubated for 30 mm in
choline-free Krebs-Ringer bicarbonate medium,
while the other half served as the unincubated con-
trol. These measurements of the net breakdown of
prelabeled choline phosphoglycerides were per-
formed on renal tissue from amino acid and glucose-
infused animals in which the rates of choline in-
corporation into phospholipid differed.
Results were expressed as mean SEM. Data were
compared by the unpaired or paired Student's t test,
as stated. P values less than 0.05 were accepted as
significant.
Results
Mercury-injected animals lost body weight before
and after the 18 hr infusion. Weight loss during the
second day after mercury administration was similar
in infused (Fig. 1) and non-infused rats (3.9 g/l00 g
of body wt, N = 39). Renal histologic examination
revealed similar degrees of tubular cell necrosis, sim-
ilar amounts of amorphous debris within tubular lu-
mina, and the absence of inflammatory cell infil-
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After mercuric chloride administration, days
Fig. 1. Effect of mercuric chloride administration and amino acid or
glucose infusion on body weight. The decrease in body weight (P <
0.001) during the second day after mercury administration was
similar in amino acid-infused and glucose-infused animals. Values
are mean + SEM for 14 rats compared by paired analysis.
tration in amino acid and glucose-infused animals.
Total tissue water content of inner cortical slices and
the estimated blood glucose concentration (130
mg/dl) was similar in both groups of infused rats.
['4CJ-choline incorporation into renal phospholipid.
In cortical slices from rats infused with amino acids
or glucose two days after mercury administration,
['4C]-choline incorporation into the acid-insoluble
and -soluble fractions followed similar kinetic pat-
terns for 40 mm, when measured at 10-mm intervals.
The rate of ['4C]-choline incorporation into choline
phosphoglycerides in mercury-injected animals was
36 to 94% greater after amino acid infusion than after
glucose infusion (P < 0.001) (Fig. 2). The increment
was smallest at 0.75 days when necrosis was marked,
and greatest at four days when cellular regeneration
was well underway. The increased rates of ['4C]-cho-
line incorporation after amino acid infusion were
superimposed upon a 71% increase (P <0.001) in the
rate which occurred in noninfused animals during
this interval (Fig. 3). The rate of ['4CJ-choline in-
corporation after glucose infusion was similar to the
rate in noninfused animals at 0.75, 1.5, three, and
four days after mercury, but was significantly higher
at two days.
The effect of amino acid and glucose infusion on
net phospholipid degradation was measured by in-
cubating slices from rats whose phospholipid had
been prelabeled for one day in vivo (Table 1). No
detectable differences in acid-insoluble radioactivity
were observed between incubated and unincubated
inner cortical slice halves obtained two days after
mercury administration and 18 hr after infusion, a
time when the rates of ['4C]-choline incorporation
differed (P <0.001). Thus, renal phospholipid degra-
dation was not detectable in either amino acid or
glucose-infused animals at a time when the rate of
['4C]-choline incorporation into phospholipid was
higher after amino acid infusion.
.kenal function. Serum creatinine concentrations in-
creased from 0.23 mg/dl in saline-injected control
animals to 2.90 mg/dl at two days after mercury
administration in noninfused rats (Table 2). The con-
centration after amino acid infusion (0.49 mg/dl) was
significantly lower than in glucose-infused (1.03
mg/dl) and noninfused animals.
Discussion
The results of this study demonstrate that amino
acid infusions increase the synthesis of choline-con-
taining phospholipids for new membranes in renal
cortical cells, and decrease the level of renal func-
tional insufficiency during regeneration after acute
tubular necrosis.
Formation of new membranes for organelles and
surface structures of regenerating cells requires the
net synthesis of phospholipid. Choline is a specific
precursor of the three choline phosphoglycerides,
which comprise more than half of cellular membrane
phospholipid [11—13]. The rate of choline in-
corporation into phosphatidylcholine, the major
membrane phospholipid, has been used as an index
of total cellular phosphatidylcholine synthesis and of
After mercuric chloride administration, days
Fig. 2. Effect of amino acid infusion or glucose infusion on the
incorporation of 114CJ-choline into renal phospholipid after mercuric
chloride administration. The rate of incorporation after an 18 hr
amino acid infusion was greater than after glucose infusion (P <
0.001) at each time. Values are mean SEM for at least nine
determinations. P values were determined by group analysis.
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After mercuric chloride administration, days
Fig. 3. Incorporation of ["Cl-choline into renal phospholipid after
mercuric chloride administration in amino acid-infused and non-
infused rats. The rate of incorporation in amino acid-infused rats
was greater than in noninfused animals (P < 0.001) at each time.
Values are means SEM for at least ten determinations.
membrane synthesis, since 99% of this phospholipid
is found in membrane [4, 8, 14-16]. A previous study
from this laboratory has demonstrated that increased
choline phosphoglyceride synthesis occurs between
one and 16 days after mercuric chloride-induced
acute tubular necrosis, and begins in the presence of
systemic catabolism and progressive azotemia [4].
The maximal rate of synthesis was reached at five
days when the serum urea nitrogen concentration had
returned to normal and regenerating tubular cells had
relined the formerly denuded tubular basement mem-
branes. In the present study, increased rates of ['4C]-
choline incorporation into phospholipid following
amino acid infusion represent net synthesis, since the
turnover of ['4C]-labeled phospholipids appeared un-
changed (Table 1) at a time when the rate of in-
corporation was increased. Therefore, the stimula-
tion of choline phosphoglyceride synthesis which was
observed after amino acid infusion was superimposed
upon the normal increase in synthesis which occurs
during regeneration in untreated animals with acute
tubular necrosis (Fig. 3). Although the rate of choline
phosphoglyceride synthesis was similar in glucose-
infused and noninfused animals at four times during
the syndrome, increased synthesis and decreased
serum creatinine concentration was observed at two
days after mercury administration. These alterations
were smaller than after amino acid infusion and sug-
gest that the provision of calories and/or volume [17]
can enhance phospholipid synthesis and renal func-
tion at least at one time during the syndrome.
The usual therapeutic approach to patients with
acute tubular necrosis is to provide supportive care
while the kidney heals itself. The report of improved
survival of patients given amino acid infusions sug-
gests that a more rapid recovery of renal function and
a decrease in nonrenal complications, e.g., sepsis,
gastrointestinal bleeding, are consequences of amino
acid treatment not observed in patients infused with
glucose alone [1]. Reduction of blood urea nitrogen
concentration, achievement of positive nitrogen bal-
ance, and improvement of uremic symptoms have
also been reported after amino acid treatment in
acute renal failure [18, 19], and after administration
of amino acids [20—22] and their keto analogs [23—24]
to patients with chronic renal failure. The results of
the present study suggest that infused amino acids
may improve survival by acting directly on the kidney
to enhance recovery or replacement of damaged or
necrotic cells, and to improve function.
Previous experiments in normal animals and man
have suggested that protein and amino acid feeding
can specifically increase renal mass [25—27] and func-
tion [28, 29]. Although the mechanisms of these ef-
fects are unknown, they could be due, at least in part,
to increases in intracellular amino acid concentra-
Amino acid infusion 3062 136(7) 3129 105(7) NS
Glucose infusion 3733 + 62 (8) 3320 + 216 (8) NS
Animals were injected with mercuric chloride iv. and one day
later with ["C}—choline i.p. to prelabel renal phospholipids. Amino
acid or glucose infusions were begun 30 hr after mercuric chloride
administration and continued for 18 hr. Rats were then decapitated,
their kidneys removed, and cortical slices cut and bisected. Radio-
activity in the acid-insoluble fraction was measured in a slice half
incubated for 30 mm in Krebs-Ringer bicarbonate medium and in
the unincubated half. Values for slice halves were compared by
paired analysis. All values represent the mean SEM. Numbers
of slices that were compared are in parentheses.
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Table 1. ['4Cl-phospholipid turnover two days after mercuric
chloride administrations
Phospholipid radioactivity of cortical slice
dpm/mg dry wt
Treatment received Incubated half Unincubated half P
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Table 2. Serum creatinine concentrations two days after mercuric
chloride or saline administration to ratsa
Serum
Group
no. Treatment Infusion
creatinin&'
mg/dl PC
I
2
3
4
Saline
Mercuric chloride
Mercuricchloride
Mercuric chloride
None
Amino acids
Glucose
None
0.23 0.02
0.49 + 0.06
1.03 + 0.15
2.90 + 0.38
<0.02
<0.01
<0.001
a Rats were injected iv. with mercuric chloride or saline at 0
time. Infusions of amino acids or glucose were begun 30 hr later
and continued for 18 hr when the rats were decapitated and their
blood obtained.
Values are mean SEM for 12 to 14 rats.
Group I vs. 3, P < 0.001; group I vs. 4, P < 0.001.
tions which have been observed during growth of
kidney, after uninephrectomy [30], liver, after partial
hepatectomy [31, 32], tissues stimulated by hormones
[33], and fetal [34] and tumor [35, 36] cells.
The results of the present study suggest a role for
amino acids in the treatment of acute tubular necro-
sis. This syndrome is associated with decreased calo-
ric intake and an azotemic internal milieu in which
injured renal cells must undergo the anabolic proc-
esses required for recovery. Although increments in
renal phospholipid [4], protein [37], RNA and DNA
synthesis [5] for cellular regeneration can occur in an
unfavorable systemic environment, it seems reason-
able to believe that provision of essential and nones-
sential amino acids with glucose would produce a
more favorable setting for renal repair and ameliora-
tion of functional insufficiency.
Acknowledgments
This study was supported by United States Public
Health Service Grants AM 18413 and GM 22328,
and by the Chicago Heart Association. Dr. Benjamin
H. Spargo examined the histologic sections, Dorothy
E. Teegarden provided technical assistance, and Vic-
toria Armstrong and Gail Sims typed the manuscript.
Reprint requests to Dr. F. Gary Toback, Department of Medicine,
University of Chicago, Pritzker School of Medicine, 950 E. 59th
Street, Chicago, Illinois 60637, U.S.A.
References
I. ABEL RM, BECK CH JR, ABBOTT WM, RYAN JA .1k, BARNETT
GO, FISCHER JE: Improved survival from acute renal failure
after treatment with intravenous essential i-amino acids and
glucose: Results of a prospective, double-blind study. N Engi
J Med 288:695—699, 1973
2. CUPPAGE FE, TATE A: Repair of the nephron following injury
with mercuric chloride. Am J Pathol 51:405—429, 1967
3. GANOTE CE, REIMER KA, JENNINGS RB: Acute mercuric chlo-
ride nephrotoxicity: An electron microscopic and metabolic
study. Lab Invest 31:633—647, 1974
4. TOBACK FG, HAVENER U, DODD RC, SPARGO BH: Phos-
pholipid metabolism during renal regeneration after acute
tubular necrosis. Am J Physiol 232:E2l6—E222, 1977
5. CUPPAGE FE, CUNNINGHAM N, TATE A: Nucleic acid synthesis
in the regenerating nephron following injury with mercuric
chloride. Lab Invest 21:449—457, 1969
6. CUI'PAGE FE, CHIGA M, TATE A: Cell cycle studies in the
regenerating rat nephron following injury with mercuric chlo-
ride. Lab Invest 26:122—126, 1972
7. HARE RS: Endogenous creatinine in serum and urine. Proc Soc
Exp Biol Med 74:148—151, 1950
8. TOBACK FG, SMITH PD, LOWENSTEIN LM: Phospholipid me-
tabolism in the initiation of renal compensatory growth after
acute reduction of renal mass. J C/in Invest 54:91—97, 1974
9. FOLCH J, LEES M, SLOANE STANLEY GH: A simple method for
the isolation and purification of total lipides from animal
tissues. J Biol Chem 226:497—509, 1957
10. GETZ GS, JAKOVCIC 5, HEYWOOD J, FRANK J, RABINOWITZ
M: A two-dimensional thin-layer chromatographic system for
phospholipid separation: The analysis of yeast phospholipids.
Biochim Biophys Ada 218:441—452, 1970
II. TOBACK FG, ORDOEZ NG, BORTZ SL, SPARGO BH: Zonal
changes in renal structure and phospholipid metabolism in
potassium-deficient rats. Lab Invest 34:115—124, 1976
12. PLAGEMANN PGW: Choline metabolism and membrane for-
mation in rat hepatoma cells grown in suspension culture: I.
Incorporation of choline into phosphatidylcholine of mito-
chondria and other membranous structures and effect of meta-
bolic inhibitors. Arch Biochem Biophys 128:70—87, 1968
13. ROUSER G, SIMON G, KRITCHEVSKY G: Species variations in
phospholipid class distribution of organs: I. Kidney, liver and
spleen. Lipids 4:599—606, 1969
14. GETz GS, BARTLEY W, STIRPE F, NOTTON BM, RENSHAW A:
The lipid composition of rat-liver-cell sap. Biochem J
8:214—220, 1961
IS. NAGLEY P, HALLINAN T: The use of radioactive choline as a
label for microsomal membranes: I. Selectivity of label for
endoplasmic reticulum and specificity for lecithin. Biochim
Biophys Acta 163:218—225, 1968
16. HILLYARD LA, ABRAHAM S: Membrane proliferation and
phosphatidylcholine synthesis in normal, preneoplastic and
neoplastic mammary gland tissues in C3H mice. Cancer Res
32:2834—2842, 1972
17. THIEL G, BRUNNERF, WUNDERLICH F, HUGUENIN M, BIENKO
B, TORHORST J,PETERS-HAEFELI L, KIRCHERTZ EJ, PETERS G:
Protection of rat kidneys against HgCl2-induced acute renal
failure by induction of high urine flow without renin suppres-
sion. Kidney mt lO:S—l9l—S—200, 1976
18. BERLYNE GM, BAZZARD FJ, BOOTH EM, JANABI K, SHAW AB:
The dietary treatment of acute renal failure. QJ Med 36:59—83,
1967
19. Wi LMORE DW, DUDRICK SJ: Treatment of acute renal failure
with intravenous essential I-amino acids. Arch Surg
99:699—673, 1969
20. GIOVANNETTI S, MAGGIORE Q: A low-nitrogen diet with pro-
teins of high biological value for severe chronic uraemia. Lan-
cet 1:1000—1003, 1964
21. SCHLOERB I': Essential I-amino acid administration in uremia.
Am J Med Sd 252:650—659, 1966
22. BERGSTROM J, FURST F, NOREE L-O: Treatment of chronic
uremic patients with protein-poor diet and oral supply of
essential amino acids: I. Nitrogen balance studies; and 11.
Clinical results of long-term treatment. C/in Nephroi 3:187—
203, 1975
23. WALSER M, COULTER AW, DIGI-JE 5, CRANTZ FR: The effect
198
of keto-analogues of essential amino acids in severe chronic
uremia. J C/in Invest 52:678—690, 1973
24. WALSER M: Keto acids in the treatment of uremia. C/in Neph-
rol 3:180—186, 1975
25. ADDIS T, MACKAY EM, MACKAY LL: The effect on the kid-
ney of the long continued administration of diets containing
an excess of certain food elements: I. Excess of protein and
cystine. J Biol Chem 7 1:139—156, 1926
26. WILsoN HEC: An investigation of the cause of renal hyper-
trophy in rats fed on a high protein diet. Biochem J
27:1348—1356, 1933
27. HALLIBURTON 1W: The effect of unilateral nephrectomy and of
diet on the composition of the kidney, in Compensatory Rena/
Hyperirophy, edited by NowINsKI WW, Goss RJ, New York,
Academic Press, 1969, pp. 101—130
28. DICKER SE: Effect of the protein content of the diet on the
glomerular filtration rate of young and adult rats. J Physiol
(Lond) 108:197—202, 1949
29. PULLMAN TN, ALVING AS, DERN Ri, LANDOWNE M: The
influence of dietary protein intake on specific renal functions
in normal man. J Lab C/in Med 44:320—332, 1954
30. TOBACK FG, MAYERS AM, LOWENSTEIN LM: Alterations in
renal and plasma amino acid concentrations during renal com-
pensatory growth. Am I Physiol 225:1247—1251, 1973
Toback
31, CHRISTENSEN HN, ROTHWELL JT, SEARS RA, STREICHER JA:
Association between rapid growth and elevated cell concentra-
tions of amino acids: II. In regenerating liver after partial
hepatectomy in the rat. I Bio/ Chem 175:101—105, 1948
32. FERRIS GM, CLARK JB: Early changes in plasma and hepatic
free amino acids in partially hepatectomised rats, Biochim
Biophys Acta 273:73—79, 1972
33. NOALL MW, RIGGS TR, WALKER LM, CHRISTENSEN HN:
Endocrine control of amino acid transfer. Science
126:1002—1005, 1957
34. CHRISTENSEN HN, STREICHER JA: Association between rapid
growth and elevated cell concentrations of amino acids: 1. In
fetal tissues. I Biol Chem 175:95—100, 1948
35. CHRISTENSEN HN, RIGGS TR: Concentrative uptake of amino
acids by the Ehrlich mouse ascites carcinoma cell. I Biol Chem
194:57—68, 1952
36. RIGGS TR, WALKER LM: Some relations between active trans-
port of free amino acids into cells and their incorporation into
protein. I Bio/ Chem 238:2663—2668, 1963
37. NICHOLLS DM, NG K: Regeneration of renal proximal tubules
after mercuric chloride injury is accompanied by increased
binding of aminoacyl-transfer ribonucleic acid. Biochem I
160:357—365, 1976
